Using the most recent results of CMS and ATLAS, we study the Higgs decays to γγ and Zγ in the scenario where the two CP even Higgs predicted by the type II seesaw model (HTM) are close to mass degenerate with a mass near 125 GeV. We analyse the effects of the Higgs potential parameters constrained by the full set of perturbative unitarity, boundedness from below (BFB) as well as from precision electroweak measurements on these decay modes. Our analysis demonstrates that the observed excess in the diphoton Higgs decay channel can be interpreted in our scenario within a delineated region controlled by λ 1 and λ 4 coupling. We also find a deviation in the Higgs decay to Zγ with respect to the Standard Model prediction and the largest enhancement is found for a ratio R Zγ of the order 1.6. Furthermore we show that consistency with current ATLAS data on the diphoton decay channel favours a light doubly charged Higgs with mass in the range 92 − 180 GeV. Finally, we find that the γγ and Zγ Higgs decay modes are generally correlated and the magnitude of correlation is sensitive to the sign of the λ 1 parameter.
INTRODUCTION
The recent discovery of neutral scalar boson by ATLAS [1] and CMS [2] Models (HTM) is related to the neutrino mass generation which relies on seesaw mechanism [3] . Besides, a distinctive feature of HTM is the presence of exotic doubly charged state which can provide a clean and spectacular signature at colliders [4] [5] [6] . On the other hand, it has been shown that the doubly charged Higgs played an important role to reconcile the h → γγ enhancement observed at LHC [7, 8] .
Recently, it has been emphasised that γγ like signal can be enhanced relative to the SM as a result of cohabitation of two nearly degenerate Higgs bosons at the observed 125 GeV.
This possibility is particularly appealing and may be relevant as the experimental resolution cannot resolve yet the structure of two overlapping peaks. In [9] , the NMSSM has been used as prototype model to show that the observed deviations from unity have strong potential to reveal the existence of almost degenerate resonances in the γγ signal. Also, in the context of 2HDM, two mass degenerate scalars consisting of a CP even Higgs h and a CP odd Higgs A, can well reproduce γγ enhancement without affecting the WW and ZZ signal [10] . In this work, we extend previous analyses of the Higgs decay to diphoton in the type II seesaw [7, 8, [12] [13] [14] [15] [16] [17] [18] [19] to the scenario where the two CP even Higgs are nearly degenerate. A tentative to consider this situation in the Higgs Triplet Model (HTM) with Y = 2 has been done in [11, 20] . The former is one of the first to discuss the mass splitting between the two CP-even Higgs bosons and its dependence on their mixing angle. More importantly, it studied the prospects for detection of these neutral higgses several search channels at the LHC in the maximal mixing scenario. The latter used a simplified formulation which only reproduces the results of unmixed neutral case providing suppressed relative branching ratio into γγ mode disfavoured by the current LHC measurements. This paper is organised as follows. In section 2, we review the main features of Higgs Triplet Model and present the full set of constraints on the parameters of the Higgs potential.
Section 3 is devoted to the HTM scenario in the case where the two CP even Higgs are close to degenerate. Here we perform a double analysis for Higgs decays to γγ and to Zγ. We summarise our main results in section 4. as [4, 21] :
with ∆ and H are the Higgs triplet and doublet respectively, given by:
This general potential has 10 independent parameters : two vev's (v d , v t ), the µ parameter, five λ ′ s, plus m 2 H , and M 2 ∆ . We assume that all the potential parameters are real. When the electroweak symmetry is spontaneously broken the Higgs doublet and Triplet fields acquire theirs vacuum expectation values.
including the W and Z masses, m
The minimization conditions that define the vacuum expectation values in terms of the parameters of the potential are 
where the mixing angles β, β ′ and α are given by :
The coefficients A, B and C are the entries of the CP even mass matrix
We are thus left with seven independent parameters; namely λ, (λ i ) i=1,...,4 , µ, and v t .
Equivalently, we can instead choose m h 0 , m H 0 , m A 0 , m H ± , m H ±± , v t , and α, as the seven independent parameters. One can easily relate the physical scalar masses and mixing angles from Eq. (2.1) to the potential parameters, λ, λ i , µ and v i , and invert them to obtain λ, λ i and µ in terms of the physical scalar masses and the mixing angle α [21] .
The seven independent parameters are usually chosen as λ, λ i=1...4 , µ and M ∆ (or λ, λ i=1... 4 , µ and v t ). After using the minimisation conditions, the 10 × 10 squared mass matrix, 
Notice that the CP even Higgs masses strongly depend on the values of λ coupling and µ parameter, while the mass of singly and doubly charged Higgs are only sensitive to the λ 4 .
At this level we must stress that rather than assuming µ around the GUT scale, together with µ ≃ M ∆ , we have found small values of µ which are consistent, at TeV scale, with a tiny value of v t , necessary for realistic neutrino masses. The latter scenario for type II seesaw models is appealing since it is accessible to collider experiments.
B. Theoretical and experimental constraints
The HTM Higgs potential parameters are not free but have to obey several constraints originating from theoretical requirements and experimental data. Thus any phenomenological studies are only reliable in the allowed parameter space. Second, in HTM the ρ parameter at level is given by the formula,
which indicates a deviation from unity. Consistency with the current limit on ρ from precision measurements [22] requires that the extra contribution δρ = −2
coming from Higgs scalar triplet should be negative and smaller than the limit |δρ| ≤ 10 −3 . At the 2 σ level, the quoted number of ρ parameter ρ 0 = 1.0004
−0.0011 [22] is well consistent with a negative δρ. Moreover, relaxing the Higgs direct limit leads to ρ 0 = 1.0008 +0.0017 −0.0010 , again compatible with δρ < 0. Further, we see that these experimental values place an upper limit on v t below ≤ 5 GeV.
As to the theoretical constraints on the parameter space, we should take into account the perturbativity constraints on the λ i as well as the stability of the electroweak vacuum that ensure that the potential is bounded from below (BFB).
For later use in the degenerate scenario, let us first recall the full set of constraints as obtained in [21] :
BFB:
Unitarity:
where the parameter κ takes the values κ = 8 or 16.
These two sets of BFB and unitarity constraints can be reduced to a more compact analytical set where the allowed ranges for the λ's are precisely identified:
and,
We stress here that these constraints are very restrictive conditions on the allowed range of the parameter space. All values presented in the plots of our subsequent analysis are consistent with all theoretical and experimental bounds described in this section.
III. DEGENERATE HIGGS BOSONS SCENARIO IN HTM
In this section we will focus our analysis on the CP-even neutral Higgs bosons h 0 and H 0 with nearly degenerate mass. First, we will study analytically several salient features of Higgs potential in this scenario. Particularly, emphasis will be put on λ, µ, v t parameters, and on the mixing angle α and how their relations evolve near deneneracy. These relations would be very useful for subsequent phenomenological analysis. Then, we will see how the excess observed by LHC experiments in the Higgs decays to diphoton and to Zγ can be interpreted in our scenario.
Other theoretical constraints modify in the degenerate case and new interesting relations among the Higgs potential parameters are derived in the appendix, specially the bounds on singly and doubly charged Higgs bosons.
A. Analytic study
From the CP-even Higgs mass matrix given in Eq. (2.8), the two eigenvalues λ ± representing the squared masses of h 0 and H 0 , are defined as:
where h 0 is supposed to be lighter than H 0 .
In this scenario, the difference of masses ∆M between the two neutral Higgs H 0 and h 0 is set to about 2 GeV, corresponding to the detector inability to resolve two nearly Higgs signals. If we note M ex the experimental Higgs boson mass, then we have:
when A = C. Numerically, the ratio
is roughly equal to 1 GeV for a Higgs mass about 125 GeV. This tell us that the parameters µ and v t should be of the same order.
Besides, by setting A = C and for small x = v t /v d , the square root in the numerator of
, providing the following eigenvalues formula,
Now, we can also describe the CP-even neutral Higgs masses degeneracy as
, where H and h are numerical parameters such that (
Similarly, for the CP odd Higgs mass, we write m A 0 = M ex (1 + a), where a denotes a numerical parameter. Then one gets:
This implies that 2a ≈ h + H, which means that all the three neutral Higgs masses are close to the experimental mass M ex with the following hierarchy m H 0 ≥ m A 0 ≥ m h 0 , and such 
). The precise signs depend on the ν parameter, as defined in Eq. (7.1) of [21] and on B given by Eq. (2.9). By assuming that −π/2 < α < pi/2, we must also consider that:
• The sign of B must be opposite to the sign of sin α, that is −α, as shown in [21] .
• The sign of ν is relevant to determine the mixing angle near the degeneracy, Eq. (7.23) [21] .
Indeed by writing α ± (ǫ) = ± π 4 − ǫ2x, with x = v t /v d and ǫ = ±1, we find that:
which shows, for small x, that B is positive for α − and negative for α + .
(4x cos 2α − sin 2α) and the sign of ν is the sign of 4x cos 2α − sin 2α.
At this level, note that all these considerations are not sufficient to say more about the mixing angle α. We postpone to the appendix a tentative to catch this angle owing to the BFB conditions Eqs. (2.16-2.18).
B. Phenomenological analysis
In this subsection we explore the analysis of the Higgs decays to diphoton and and to Zγ in HTM where the neutral Higgs states are nearly mass degenerate.
In the SM, the partial decay widths of scalar h [24] is given by :
with the amplitudes for spin-
and spin-1 particles given by:
and the function f (τ ) defined as,
In the HTM, this decay width becomes:
where H is a generic notation for h 0 and H 0 . The amplitudes A H 1/2 , A H 1 are defined below, whereas A H 0 for spin-0 particle is defined as [25] , 
, where for the heavy Higgs boson, these couplings are obtained simply from the above couplings by the substitutions
(3.12) For the Higgs decay into Zγ, the SM partial width is given by :
Z and the amplitude factors are of the form :
W . The functions I 1 et I 2 are given by :
These functions can be expressed in terms of three-point Passarino-Veltman scalar functions [26] as :
where C 0 and C 2 are scalar integrals given often by C 2 ≡ C 11 + C 23 (see Ref. [27] ). the function f (τ ) is defined above in Eq. (3.6) whereas the g(τ ) function can be expressed as
In the HTM, the charged contributions to H → Zγ decay width reads as :
factors reflecting the charged contributions for Γ γ Z can be read in terms of the function I 1 (τ, λ) previously defined as follows:
The reduced couplings for the CP-even Higgs bosons and the charged Higgs are as above, where the g ZH ± H ∓ , g ZH ±± H ∓∓ trilinear couplings can be expressed as : and compare it to the following quantities : −0.26 (CMS) [29] . Although CMS measurements is consistent with the Standard Model expectation within 1σ, ATLAS still observes almost 2σ excess in this channel. Furthermore, we can see that the reported errors are still quite large. Therefore, it is worth to investigate whether the excess in the diphoton channel along with the wide range of R γγ can be interpreted in the scenario where both CPeven Higgs bosons h 0 and H 0 appear in the γγ signal, with M h 0 ≈ M H 0 .
As to pp → H → Zγ channel, no excess has been observed by LHC experiments and the current analyses provide only upper limits on the signal strengths, µ ≤ 11 (ATLAS) [30] while µ ≤ 9 (CMS) [31] .
In our numerical evaluation we use the following experimental input parameter: G F = [33] . We also assume v t = 1 GeV and µ = 0.37 − 0.4 GeV, these values satisfy the condition µ λ ≈ v t √ 2 resulting from the nearly mass degeneracy of two CP-even Higgs bosons as discussed in Sec.
III.
For the singly charged Higgs mass we use the LEP II latest bound, m H ± ≥ 88 GeV [23] as well as the limits established by the LHC m H ± ≤ 666 GeV [34, 35] . In the case of the doubly charged Higgs masses, we take into account the recent experimental upper limits m H ±± ≥ 409 GeV [36] and m H ±± ≥ 445 GeV [37] , reported by ATLAS and CMS respectively, assuming 100% branching ratio for H ±± → l ± l ± decay. Notice that in realistic cases one can easily find scenarios where this decay channel is suppressed with respect to [38] [39] [40] which could invalidate partially the LHC limits. In HTM analysis with relatively large triplet' VEV, v t ≈ 1 GeV, the H ±± → W ± W ± * decay channel can still overpass the two-sign same lepton channel for m H ±± and the limit goes down all the way to 100 GeV [41] [42] [43] [44] . We will consider this value as a nominal lower bound in our subsequent numerical discussion.
As discussed above the analysis hereafter focuses on the most relevant potential parame- In Fig. 3 we plot the ratios versus the absolute value of sin α for various values of λ 4 .
As one can appreciate our results are relatively sensitive to variation of this mixing angle [20] for degenerate case where they found a suppressed γγ signal for sin α lying anywhere between 0 to 1. The latter is a trivial scenario since it reproduces exactly the unmixed case (sin α = 0), furthermore it is incompatible with LHC measurements. In the case of H → Zγ decay channel, they found that R Zγ is almost insensitive to sin α with some modest enhancement for small mixing 0 < sin α < 0.2. It is also interesting to comment on the correlation between the two channel h → γγ and h → Zγ. Fig. 6 shows two main features: First, except a narrow region disfavoured by LHC measurements, these two decay modes are generally correlated. Second the correlation is very sensitive to the sign of the λ 1 .
One last comment is in order. Let us see what happens when the triplet' VEV increases in this scenario. From Fig. 7 we see that enhancements in both decay channels gradually reduce when v t becomes larger than 1 GeV and disappear once v t exceeds 3.5 GeV.
IV. CONCLUSIONS
The LHC has impressive sensitivity to Higgs bosons decays to two photons with a large branching ratio. Observation of this photonic decay mode (H → γγ) with a rate significantly above that expected for the Standard Model Higgs boson is a remarkable step toward new physics. Also, the decay mode H → Zγ is complementary to the diphoton channel and may provide additional valuable information on Higgs properties.
We have calculated the branching ratio for these Higgs channels in the framework of the htm in the scenario where the two CP even Higgs are almost mass degenerate. Our analysis takes into account the full set of experimental and theoretical constraints including perturbative unitarity as well as vacuum stability constraints on the scalar potential parameters. . Also, we find that consistency with LHC signal strength favours a light doubly charged Higgs with a mass between 92 GeV and 180 GeV. As to h → Zγ, we get a similar behaviour to the diphoton decay mode but with slight enhancement with R Zγ not exceeding 1.6. Finally, we also study the correlation between the two decay modes in the mass degenerate scenario. The analysis shows two main features: First, these modes are strongly correlated in most of the allowed region and are quite sensitive to the sign of the λ 1 with λ 1 < 0 favoured by LHC diphoton data. 
For κ = 8, the upper bound of m H ± found is 487 GeV for v t = 0.30 GeV, and increases to 511 GeV for v t = 1 GeV and to 519 GeV for v t = 5 GeV. 
Numerically, we obtain m H ± ≥ 88 GeV as found before in Eq. (4.1), which is compatible with the LEPII combined lower limit [23] and agrees also with the bounds established by the LHC [34, 35] . In the case of doubly charged Higgs, for κ = 8, we find m H ±± ≤ 666 GeV for v t = 0.30 GeV, m H ±± ≤ 701 GeV for v t = 1 GeV and m H ±± ≤ 712 GeV for v t = 5 GeV.
These mass predictions accommodate well the experimental upper limits m H ±± reported by the current search for multilepton final states performed by CMS [37] and ATLAS [36] .
Note that the redundancy in the last studied equations is a consequence that the number of combined equations involving together BFB and unitarity constraints is smaller than the sum of the numbers of equations for the two separate sets given by Eqs. (2.29-2.35). 
